Abstract-This paper proposes a novel calibration approach for industrial robots. Unlike previous methods, the proposed approach introduces a completely new technique for automatically calibrating robots. The proposed system consists of an industrial robot manipulator, a laser fixture attached to the robot tool center point (TCP), a PC-based interface, and a new portable position sensitive device. This portable device comprised of two fixed position sensitive detectors (PSD's) tilted in an angle to reflect the laser line from one PSD to another. The new calibration approach is not only able to compute the joint offset parameters of the robot, but is also capable of simultaneously calibrating the robot's workpiece relationship. It was also designed to be faster yet simpler than other methods. Throughout this paper we present, analyze and compare both simulations and experimental results between the new proposed approach and our existing methods.
I. INTRODUCTION
It is well known in the robot industry that Industrial robots have high repeatability but low accuracy. There is a wide range of literature targeting robot accuracy enhancements, especially for industrial robots. Although there are several sources of inaccuracies, (e.g. thermal expansion, gear errors, structural deformations, or even incorrect knowledge of link and joint parameters) the main source of inaccuracy lies in kinematic model parameter errors. As we know, the majority of the kinematic parameters, (e.g. arm length, link offset, and link twist angles) are related to the structural mechanics of the manipulator. Typically, those parameters will not change by much once the robot is sent from the factory and installed in manufacturing areas. However, some kinematic parameters (e.g. joint offset) might be affected by the assembly or the replacement of motors and encoders. According to [1] , 88% of the inaccuracy in robot positioning is due to miscalculations in assumed initial positions or joint offset of the robot. Robot calibration has been proven to be the most efficient way to improve robot accuracy in general.
Indeed, numerous robot kinematic calibration approaches and complete systems have been designed in the industry as well as in the academia with promising methodologies to calibrate the external parameters of industrial robots. Some of them collect accurate position data of the robot tool center point (TCP) by using highly precise equipment such as Computer Numerical Controlled (CNC) machines [2] , Coordinate Measurement Machines (CMMs) [3] and laser tracking interferometer systems [4] . Other methods impose some physical limitations on the TCP to form a closed kinematic chain. Due to the fact that such devices are expensive or their procedures are time consuming, they are difficult to be used extensively in the manufacturing plants. Additionally, vision-based approaches and systems have been developed and used to perform the calibration process. However, those systems suffer from lack of resolution under wide fields of view, as well as low serving speed because of the low frame rate cameras possess [5, 6] . Therefore it is particularly important to develop and design a method which is both cost-effective and easy to implement, while still be able to achieve a high level of position accuracy.
Among the existing robot calibration methods, our optical approach using Position Sensitive Detectors (PSDs) for robot calibration is one of the best choices since it promises high precision, fast response, and a low computational load. Liu et al. have proposed a line-based method to calibrate the robot's external parameters [7] and also an approach to calibrate the robot's joint offset [8] . Both methods were developed in our lab. Such methods mainly depend on a PSD device and a single laser pointer which is attached to the TCP of the robot. Both simulation and experimental results verified the practicability of these proposed methods and demonstrates that the developed systems could perform robot calibrations not only in the robot factory but also in the user environment. However, these methods have not been yet integrated, therefore they must be performed separately to achieve both external parameters and joint offset calibration. Moreover, we need two different PSD devices for each method and one of them is not portable. Furthermore, at least three PSDs and two directions of laser beams are needed to calibrate the external parameters of the robot.
Speed is, has been, and will continue to be an important quality of any developed system. In this paper, we present a new dual PSD calibration system for industrial robot calibration. The developed system can be used not only to calibrate the workpiece frame relationship, but also the joint offset of the robot simultaneously, thus improving speed during the whole calibration process. A new portable dual PSD device is designed and presented. This developed device only needs two PSDs to perform both calibration methods. During the whole calibration process, the procedure of aiming the laser beam at the center of each PSD only repeats twice, so the approach is simpler and less time consuming
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The 2012 IEEE/ASME International Conference on Advanced Intelligent Mechatronics July 11-14, 2012, Kaohsiung, Taiwan than our previous methods. Both simulations and experiments were implemented on an ABB industrial robot (IRBI20) to verify the efficiency of the proposed method as well as the feasibility of the newly developed calibration system. This paper is structured as follows: The overview of the calibration system is presented in Section II. The new calibration system approach is defined in Section III. Simulation and experimental results are demonstrated, analyzed and compared in Section IV. Finally, the work is concluded in Section V. Fig. 1 shows the schematic model of the calibration system, implemented and verify by an ABB robot under lab testing as shown in Fig. 2 . This robotic system comprises of an ABB robot controller (IRC5 Compact) and a six degree of freedom (6-DOF) robot manipulator (IRBI20). In Fig. 1 the model of the robot calibration system mainly consist of a robot, a laser and adapter, a portable dual PSD device. A laser pointer is mounted on its fixture and rigidly attached to the robot TCP; this is also shown in Fig.3 . The laser beam is tuned to align its orientation toward the X-axis of the TCP frame. Two PSDs are mounted on a portable custom-built high-precision fixture. The location of the fixture with respect to the workpiece frame {D} is known while its location with respect to the robot base frame {B} is unknown. For the portable PSD device we adopt the segmented PSD for its high precision feedback as shown in Fig.4 . The segmented PSD has a higher resolution than O.IJlm in theory. Even under the experimental condition, its resolution may reach approximately 2Jlm [9] .
II. OVERVIEW OF THE CALIBRATION SYSTEM
The calibration process, shown in Fig.l , is completed by locating the TCP and the laser pointer at four different positions (position 1-4). While the laser pointer is located at position 1 and 2, the laser beam should be aimed at the center of PSD 1 and be reflected off the PSD 1 surface with a direction towards the center of PSD2. Similarly, the laser beam should be aligned to the center of PSD2 and be reflected off the PSD2 surface with a direction towards the center of PSD 1, while the laser pointer is located at the position 3 and 4. Hence, four sets of robot joint angles can be recorded by the robot controller. Based on the recorded joint angles and robot forward kinematics, a robot calibration method is developed. 
III. CALIBRATION SYSTEM APPROACH

A. Analysis of Kinematics Error Model
For the robot model with n (n=6) joints shown in Fig.1 , the forward kinematics model can be represented by the following equation,
where
T is the transformation matrix that expresses the position and orientation of the robot TCP frame {E} with respect to the robot base frame {B}; i A is the homogeneous transformation matrix associated with link i and joint i .
By Denavit-Hartenberg (D-H) model, which is widely used to represent the robot forward kinematics, each homogeneous transformation matrix i A can be written as, 
Note that joint 1 depends on the robot base frame. So in (4) there are five unknown parameters, which are the last five offsets i / ( i = 2, 3, 4, 5, 6 ).
B. Joint Offset Calibration
The calibration process, shown in Fig. 1 , is performed by locating the TCP and the laser pointer several times at different locations. However, no matter where the laser pointer is, it should always aim at the center of one PSD and be reflected off the PSD surface with a direction towards the center of another PSD. Hence, four sets of robot joint angles can be collected and recorded by robot controller.
Because the laser pointer is rigidly fixed on the robot TCP, we denote the jth position of the laser pointer as 
(T ) -(T ) (T ) % (T ) (T ) -(T )
Similarly, consider 3 P and 4 P are in the same laser line 2, they have the same relations. Then we can get another squared error. 
(T ) (T ) -(T ) % (T ) (T ) -(T )
Hence the unknown parameters, i.e. the last offsets i / (  i = 2,3,4,5,6 ), are found by minimizing the total sum of the squared errors. Because of the complexity of the optimization problem with 5 parameters, the well-known Levenberg-Marquardt algorithm (LMA) [10, 11] will be used to minimize the sum of squared errors.
C. Robot Workpiece Frame Calibration
With the joint offset calculations ahead, the 
Let Y denote a skew symmetric matrix, therefore (22) can be written as;
where 
where > @ 
Therefore the calibration matrix will be given by;
IV. SIMULATION AND EXPERIMENTAL RESULTS
A 3-D computer model of the IRB120 was built in the computer using Matlab. The DH parameters of the IRB 120 robot manipulator were derived as shown in Table I . In the simulations the laser pointer was attached on the TCP to align the laser line with the X-axis of the robot TCP frame, the same way we did for the experimental design. A virtual PSD device was also built and fixed, so that the algorithm could find the robot configuration needed to align the laser line to hit the center of both PSDs at 4 different positions. Experimental data was also collected, analyzed and compared to our previous method of robot calibration. 
A. Simulation of Joint Offset Calibration
Simulations of the joint offset calibration were performed using initial joint offset parameters, such that we can identify them using our proposed method. In other words, we introduce offset values for each joint in the kinematic model and compare them with the values our proposed method was able to compute. The results of the calibration simulations are shown in Table II . The first column holds the joint offset number while column two holds the actual offset parameters used to initialize the simulations. In the third column the initial parameters used by the optimization algorithm (LMA) are shown. In the fourth column the solution of the algorithm is shown while the fifth column shows the error between them. The results shows perfect results, therefore they confirmed the efficiency of the new proposed method. 
B. Robot Workpiece Frame Calibration
Similarly, simulations of the workpiece frame calibration were performed. This time we initialize the relationship between the base and the workpiece frame, such that we can identify each parameter using our proposed method. The results are shown in Table III . In the second column the actual parameter value used to initialize the simulation are presented while in the third column we shows the initial parameters for the algorithm (LMA). The fourth column shows the solution of the algorithm and in the fifth column the error between them were presented. Again we obtained perfect results therefore we can also claim it also confirmed the efficiency of the new method. 
C. Experimental Analysis
To prove our proposed method works, we perform real experiments on the ABB robot IRB120. Due to the fact that we have not fully developed the control system for the robot to move to the center of both PSDs, we perform the experiments manually as shown in Fig. 5 and Fig.6 . Fig. 5 shows how we move the robot manually such that it aligns the laser line to both PSDs centers at position 1 and 2. Similarly Fig.6 shows how we move the robot for position 3 and 4. Once we achieve the desired positions, the joint parameters of the robot were recorded from the robot controller and eventually processed into our proposed calibration method. The experimental results are presented in Table IV for the joint offset and were compared with our previous method for robot calibration. The first column shows the joint offset number while the second column shows the actual offset parameters which are unknown in the experiments. The third column shows the initial parameters of the LMA for both experiments. The fourth column shows the results of the optimization for our previous calibration method and in the fifth column we show the results for the method proposed in this paper. The results show similar values in both methods therefore we can also claim that using our new dual PSD method we can achieve a similar level of accuracy of joint offset calibration. Table IV essentially prove not only that both method have similar level of accuracy of joint offset calibration, but also that they are feasible. Among the advantages of the new proposed method is the ability to perform the whole process using only 4 sets of position data instead of 7 needed for the previous method. Therefore the new approach is simpler and faster.
V. CONCLUSION
Robot calibration plays a very important role on robot accuracy especially on industrial robots. Robot joint offset have been identified as the major source of positioning inaccuracies by researchers. To solve this problem, a novel reflected laser line approach for industrial robots was presented in this paper. The simulation and experiment results performed on the ABB IRB 120 robot verified not only the effectiveness and feasibility of the proposed method, but also proved to be simpler and faster than our previous methods on robot calibration. Further research on how to improve the whole process is ongoing, including the automation of the system. The development of a dual PSD control system will be a major stage for achieving not only automatic calibration, but also a high level of performance of the proposed method.
